We discuss the spectroscopic requirements for a laser absorption spectrometer ͑LAS͒ approach to highprecision carbon dioxide ͑CO 2 ͒ measurements in the troposphere. Global-scale, high-precision CO 2 measurements are highly desirable in an effort to improve understanding and quantification of the CO 2 sources and sinks and their impact on global climate. We present differential absorption sounding characteristics for selected LAS transmitter laser wavelengths, emphasizing the effects of atmospheric temperature profile uncertainties. Candidate wavelengths for lower-troposphere measurements are identified in the CO 2 bands centered near 1.57, 1.60, and 2.06 m.
Introduction
Despite decades of concerted study, many questions relating to the topic of global climate change remain disputed or unresolved. An incomplete understanding of the influence of human activities on global climate is proving especially pernicious, with the universal acceptance of international protocols designed to reduce future effects of anthropogenic emissions being prevented by a lack of consensus on the severity of such influences. Even one of the earliest recognized climate influencing processes, namely, the progressive warming of the Earth due to the CO 2 greenhouse effect, first advanced in the nineteenth century, 1 remains a subject of intense study and debate. The steady accumulation of atmospheric CO 2 since the beginning of the industrial age some 150 years ago is a matter of scientific record, 2 but the exact linkage to global climate is less well characterized. In part, this is due to complex interactivity with other factors. However, there has been a growing recognition that improved knowledge of the regulation mechanisms and geographical distribution of CO 2 sources and sinks will contribute much to understanding the relative effects on climate and terrestrial and oceanic productivity of both natural and anthropogenic CO 2 fluxes. The U.S. Global Change Research Program recently established its carbon cycle science initiative 3 to address this strategic goal.
Current carbon cycle research relies heavily on data provided by a sparse global surface network of approximately 120 air sampling stations. 4 One consequence of this undersampled situation is that significant uncertainties result in the inferred CO 2 fluxes, thus obscuring much of the fine-scale variability that must be resolved to identify and quantify regional sources and sinks of atmospheric CO 2 . The carbon cycle science effort aims to construct a comprehensive framework for the description and modeling of the global carbon cycle, while a parallel activity will seek to develop new measurement techniques to acquire high-resolution data for assimilation into regional and global circulation models and calibration and validation of their performance.
Observations of CO 2 mixing ratios from Earth orbit, primarily in the lower and middle troposphere with a measurement precision equivalent to 1-2 parts per million by volume or better, are desired to define spatial gradients of CO 2 from which sources and sinks can be derived and quantified and then separated from the seasonal fluctuation component, which can be as little as 1.5 parts per million by volume in the Southern Hemisphere. ͑This is of the same order as the observed annual rate of increase in CO 2 concentration. 5 ͒ Data will be needed over a wide distribution of latitude, with a spatial resolution sufficient to provide global monthly mean values on a spatial grid scale of the order of 10 3 km ϫ 10 3 km. The current study was undertaken to evaluate an instrument concept that offers the potential to provide the high-accuracy CO 2 mixing ratio measurements with the vertical and horizontal spatial resolution that is required by the carbon cycle research program: the laser absorption spectrometer ͑LAS͒. The LAS approach to global CO 2 measurement utilizes cw illumination of the Earth's surface from orbit with subsequent analysis of the differentially attenuated multiwavelength surface backscatter signals to retrieve trace gas mixing ratios. ͑We refer to this technique as integrated path differential absorption.͒ Preferential weighting of selected altitudes within the total column is achieved by tuning the cw transmitter laser across a known, wellcharacterized pressure-broadened absorption line of the target species ͑in this case,
The principles underlying the tailored weighting function approach to LAS profilometry have been outlined previously 6 and form the basis for this study. Early experiments with an airborne LAS instrument in which discretely tunable laser sources were used demonstrated the utility of the technique to infer column-average mixing ratios of lower-tropospheric ozone, 7 and the same instrument was also applied to the remote discrimination of surface petrology. 8 The altitude resolution capabilities of the LAS technique are discussed in Ref. 6 , which contains results of simulated retrievals of selected constituent profiles. Our analysis indicates that high-precision profilometry of the tropospheric CO 2 mixing ratio will be feasible with a vertical resolution of 2-4 km at the lowest altitudes and 5-7 km in the mid-troposphere and upper troposphere, with a horizontal resolution near 100 km. Attainment of a precision at the level of ϳ0.3% or 1 part per million ͑ppm͒ is a challenging endeavor, starting with the need to obtain a high instrumental signal-to-noise ratio within the measurement time and requiring knowledge of all atmospheric quantities that might effect the determination of the optical depth due to CO 2 absorption at a level of a few parts in 10 4 . These include surface pressure, temperature and water-vapor profiles, as well as optical properties and vertical distributions of aerosol layers and thin clouds that may be present in the atmospheric column. In addition, any technique that relies on spectroscopic measurements to determine the dry mixing ratios of CO 2 in the atmosphere may not achieve in the near future a level of accuracy comparable with the ϳ0.3% level of precision because of uncertainties in the key spectroscopic parameters. Extensive intercomparisons among independent CO 2 sensors utilizing various physical and chemical approaches will be necessary to successfully address this issue.
We report here the study of the effects of the atmospheric temperature profile on the precision of the CO 2 mixing ratio measurement, more specifically the search for the absorption lines in these vibrationrotation bands that offer suitable optical depth and relative freedom from interference due to other constituents while having an acceptable level of susceptibility to errors in the assumed atmospheric temperature profile. Sensitivity of tropospheric CO 2 mixing ratio determination to uncertainties in temperature profile knowledge has been discussed briefly by other authors in the context of performance of other spectroscopic sensor types. 9 -11 Certain effects of thin cloud and aerosol layers on measurement precision have also been discussed. 9, 10, 12 We emphasize that, in the planning of a highprecision CO 2 measurement mission with the LAS approach, the LAS instrument would be a part of a suite of instruments in the payload. These might include a laser altimeter to track topographic elevation changes and to identify cloud presence in the LAS field of view, an imager, an oxygen A-band spectrometer, or a temperature profiler. Reliance on the meteorological products ͑e.g., temperature profiles, surface pressures͒ from numerical weather prediction model and data assimilation systems would also be critical.
Spectroscopic Considerations
The spectroscopic requirements on probe wavelengths are first considered in the range where suitable transmitter lasers are extant or are expected to become available. The objectives of this procedure are ͑1͒ the identification of CO 2 bands of appropriate strength for tropospheric sounding ͑and relatively free of interference from other atmospheric constituents͒, and ͑2͒ the selection of those spectral lines whose absorption coefficient at the sounding frequency is below a certain threshold susceptibility to uncertainties in knowledge of the atmospheric temperature profile. Weighting functions 8 are calculated at and near the selected frequencies to infer altitudes of emphasis. An iterative process to determine the temperature susceptibility and match the weighting functions peaks to desired target altitudes then leads to the final selection of sounding frequencies proposed for the orbital LAS instrument. A survey of the CO 2 spectrum contained in the HITRAN96 database 13 yields potential candidate lines in the ͑30012 4 00001͒ band at 1.57-1.58 m, the ͑30013 4 00001͒ band near 1.6 m, and the stronger ͑20013 4 00001͒ band in the 2.05-2.07-m range. ͑Other bands in the 1.4 -2.2-m range have also been investigated but found to exhibit either inadequate band strength or excessive interference from absorption bands of other atmospheric species.͒ By use of the radiance code GENLN2 14 to calculate transmittance, the altitude-dependent weighting functions, relative atmospheric transmittance, and comparative susceptibility to temperature deviations from the nominal assumed values are then analyzed for each line to determine those most suitable for the LAS CO 2 measurement application.
The susceptibility of the absorption coefficient to uncertainties in knowledge of atmospheric temperature over the global-scale range of tropospheric temperatures is a sensitive function of the lower energy level of the transition. The dependence of the rotational partition function and the pressure broadening on temperature, as well as the sounding frequency displacement from line center, are also significant factors. Heaton 15 summarizes the relationships between the temperature dependences of the partition functions, the pressure-broadened linewidth, and the line-center absorption coefficient. Browell et al. 16 report an extensive analysis of the temperature sensitivity of water-vapor differential absorption lidar measurements in the 720-nm spectral region, also assuming a sounding frequency tuned to line center. These studies clearly demonstrate the importance of accurate knowledge of the temperature dependence of the linewidth and how this spectroscopic property affects the relative suitability of a given probe frequency for differential absorption lidar atmospheric profiling.
Tunable laser technology makes possible the selection of sounding frequencies at optimum frequency displacements from line center, producing weighting functions that peak at selected altitudes and consequently an altitude resolution and profiling capability. Because the molecular CO 2 lines are pressure broadened in the troposphere, an increase in the offset from line center lowers the altitude at which the sounding is weighted. The optimum spectral line for a given differential absorption sounding will provide the most advantageous combination of optical depth and relative insensitivity to atmospheric temperature profile uncertainties at the offset frequency required to provide a weighting function peaking at the desired middle or lower tropospheric altitude. Given the high precision required for CO 2 measurements, only a limited number of lines in a typical P or R branch of a CO 2 vibrational-rotational absorption band are assessed to be suitable.
Temperature Susceptibility Analysis
To define the performance requirements that are levied on the instrument, temperature susceptibility analysis is used to understand what factors limit the accuracy of LAS measurements in the context of an Earth-orbiting instrument. The detected backscatter signal from the Earth's surface is proportional to the round-trip transmission at the sounding frequencies. The round-trip transmission change due to a temperature perturbation at some arbitrary altitude in the atmospheric profile is then mapped to an equivalent transmission change due to variation in the CO 2 concentration at the same altitude to determine the resulting temperature-induced uncertainty in the retrieved CO 2 mixing ratio. We define the temperature susceptibility as the equivalent mass mixing ratio relative to temperature ͑expressed in units of parts per million per degrees kelvin͒, which indicates the experimental error expected due to 1 K uncertainty in the temperature knowledge.
The instrument measurement parameter of key importance is the transmittance ratio ϭ on ͞ off , which relates directly to the differential optical depth ␦OD ϭ OD on Ϫ OD off , referring to the optical depths encountered at the on-line and off-line laser sounding frequencies:
The term "on-line" in the context of this paper is not restricted to the line-center frequency because we can take advantage of tuning the transmitter to an optimum frequency within the line profile. ͑We assume for the purpose of this temperature susceptibility analysis that the offset between the two sounding frequencies is sufficiently small such that gas continuum absorption and particle extinction contributors to the optical depth produce insignificant differential optical depth. These influences must certainly be considered in system-level radiometric performance analyses 17 .͒ For the purpose of this sensitivity study, we assume no significant optical depth at the off-line frequency due to molecular gas absorption lines, and we consider only the temperature susceptibility at the on-line frequencies. For a path length L, fixed total pressure, and partial pressure p a ͑atm͒, the Beer-Lambert expression defines the optical depth:
where ␣͑͒ is the linear absorption coefficient ͑atm
͒ of gas at frequency . The relevant CO 2 absorption line parameters are the line-center frequency ͑ 0 ͒, molecular line strength S͑T͒, airbroadened half-width ␥͑ p, T͒, its coefficient of temperature dependence n, and the lower-level energy EЉ. ͓In this set of units the line strength S͑T͒ ͑in units of cm Ϫ2 atm
Ϫ1
͒ includes the absorber number density per atmosphere; N͑T͒ ϭ N L ͑273.15͞T͒, where N L is Loschmidt's number, i.e., the number density in 1 atm at standard temperature ͑273.15 K͒.͔ These can be assessed relative to their values at standard values of pressure p 0 and temperature T 0 . Consider the optical depth dependence on temperature variations about a reference temperature T 0 for a constant pressure column of absorbing molecules that contains a fixed number of molecules ͑i.e., the path length L is proportional to T͞T 0 ͒. ͓Be-cause the temperature dependence of L compensates for that of N͑T͒, we neglect the N͑T͒ factor in the discussion of line-strength temperature dependence.͔ The first derivative with respect to the temperature of the optical depth expansion when set to zero, d͑OD͒͞dT ϭ 0, is used to provide preliminary estimates of optimum EЉ and thus the frequencies for the absorption lines least sensitive to temperature variability. Neglecting the vibrational partition function factor, the temperature dependence of the line strength due to the Boltzmann distribution of state populations is
and the temperature dependence of the half-width is
The value of j in Eq. ͑3͒ is unity for linear polyatomic molecules such as CO 2 . The kinetic theory hardbody collision model predicts that n ϭ 1 ⁄2. The values for n corresponding to CO 2 line broadening in air, for lines of interest in the 1.57-, 1.60-, and 2.06-m bands, are larger, 13 near 0.75. The ͑Lorentz͒ linecenter absorption coefficient is ␣ ϭ S͞␥; thus at line center, Eqs. ͑3͒ and ͑4͒ dictate the value of EЉ for which the optical depth dependence on temperature departures from a reference temperature T 0 is minimized, namely, EЉ͑cm Ϫ1 ͒ ϭ ͑ j Ϫ n͒T 0 ͑K͒͞1.439. The optimum value of EЉ increases as the sounding frequency is tuned away from the line-center frequency. For example, as temperature increases from T 0 ͑and pressure remains constant͒, the narrowing of the half-width acts to increase the line-center absorption coefficient; however, this has the opposite effect on the absorption coefficient at the offset frequency of one half-width Ϫ 0 ϭ ␥͑T 0 ͒. Table 1 lists the range of optimum values for EЉ corresponding to a temperature range ͑250 -300 K͒ commonly encountered in the global lower troposphere for selected offsets from the line-center frequency. Also listed are the values of the rotational quantum number J for the CO 2 transitions ͑absorption lines͒ that are in or near these listed EЉ ranges.
The temperature susceptibility analysis for vertical sounding through the atmosphere ͑based on the forward calculations by use of the line-by-line code GENLN2 14 ͒ with known or user-defined atmospheric models is then applied to calculate the total transmittances and transmittance profiles, including the contributions from all significant atmospheric absorption lines, across the specified frequency ranges. GENLN2 first calculates the Curtis-Godson absorber ͑CO 2 ͒ weighted mean values for the temperature, pressure, absorber amount, and mixing ratio pertaining to each layer defined by the atmospheric model. ͑The models are specified in 1-km layers.͒ The temperature and CO 2 mixing ratio ͑pressure and density͒ are interpolated linearly ͑exponentially͒ between the layer boundaries. The absorption coefficient k͑͒ for each layer is the total from all absorption lines:
S ij is the absorption strength of line i adjusted to the physical conditions in layer j, and g͑, i ͒ j is the Voigt line-shape function. The total transmittance at each frequency is the sum over all layers:
where u j is the absorber amount for layer j defined by the path s.
We considered a nadir-viewing path from 30-to 0-km altitude using the specified model parameter values at 1-km intervals, first assuming absorption due to CO 2 molecules only and then repeating the computations adding the contributions from the other significant absorbers ͑e.g., water vapor͒. Typically, the frequency range was 25 cm
, centered about the estimates, with a resolution of 0.0002 cm
. ͓Excluding the atmosphere above 30-km altitude is legitimate for CO 2 transmittance calculations at sounding frequencies such that Ϫ 0 Ն 0.25␥ 0 , where ␥ 0 ϭ ␥͑p ϭ 1013 hPa, T ϭ 296 K͒ or other values of ͑ p, T͒ representative of surface conditions.͔ For the lower-tropospheric study under consideration here, we implemented the following perturbations using both the 1976 U.S. Standard Atmosphere 18 and the Midlatitude Summer Atmosphere 18 models as starting points: ͑a͒ 1 K temperature increase at 1-km altitude; ͑b͒ 1 K increase at 3-km altitude; ͑c͒ 1 K increase at 5-km altitude; ͑d͒ ϩ1 K, Ϫ1 K, and ϩ1 K departures from the standard model at 1-, 3-, and 5-km altitudes, respectively; and ͑e͒ 1-ppm increase in the CO 2 mixing ratio at 1-km altitude, assuming a starting point of 360 ppm. For each temperature profile perturbation, the pressure profile was adjusted to maintain hydrostatic equilibrium.
For each of these perturbed atmospheric profiles, relative differences in the round-trip transmission from that of the nonperturbed ͑truth͒ profile were calculated in each case for selected laser transmitter sounding frequency offsets from the CO 2 absorption line-center frequencies. For each sounding frequency offset from line center, the choice of optimum absorption line͑s͒, i.e., the lines for which the error in the retrieved CO 2 profile is least affected by the error in the assumed temperature profile, is a compromise because of the wide range of temperatures encountered in the lower troposphere.
This approach is useful for quantitative assess- 
Weighting Function Analysis
The amount of displacement of the sounding frequency from the line center dictates the relative contributions of the various atmospheric layers to the total optical depth. Sounding at line center is best to retain a maximum relative contribution from the molecules at high altitudes and to obtain a CO 2 column estimate that includes strong weighting from the lower stratosphere as well as the troposphere. Sounding at one or more surface half-widths ͑␥ 0 ͒ from line center emphasizes the relative contribution from the lower-tropospheric CO 2 .
We investigated the altitude weighting functions for various sounding frequency displacements from linecenter frequency. We calculated the transmittance profiles from the Earth's surface to a 30-km altitude using GENLN2 and the 1976 U.S. Standard Atmosphere at frequencies selected from the 1.57-, 1.60-, and 2.06-m bands. ͑As stated above, at sounding frequencies suitably displaced from line center for lower-tropospheric emphasis, the contribution of higher-altitude CO 2 to total transmittance can be neglected.͒ After conversion to optical depth profiles, we obtained the weighting functions by taking the derivative of the optical depth with respect to pressure. 6 ͑We implemented a three-point derivative routine to calculate the derivative of Ϫln͑͒ versus pressure directly from the transmittance profiles.͒ Using this procedure we can identify appropriate sounding frequencies by matching the weighting function peaks to altitudes of interest in the troposphere.
Figures 4 -6 are representative plots of the CO 2 transmittance profiles and weighting functions at frequencies within the profiles of lines from the three CO 2 absorption bands that are relatively robust with regard to temperature susceptibility and interference from lines of other bands in the neighborhood. Near the line centers, the weighting functions are relatively broad and peak at altitudes above the troposphere, whereas for frequencies exceeding one halfwidth offset from line center the weighting functions peak in the lower troposphere.
The band strength places a constraint on the ability to profile CO 2 with the required high precision. Only a few R-branch and P-branch lines provide suitably low susceptibility to temperature profile errors. This limits the dynamic range of line strength that can be utilized within a particular band. At frequencies near one half-width offset, the total transmittance is much less in the ͑20013 4 00001͒ than in the ͑30013 4 00001͒ and ͑30012 4 00001͒ bands because of the significantly larger CO 2 line intensities, which are of the order of 10 Ϫ22 cm͞molecule in the ͑20013 4 00001͒ band. It is important to strive for a round-trip path differential absorption that is in a range favorable for a highprecision measurement, e.g., a round-trip differential optical depth range between 0.5 and 2. Thus the range of acceptable offset tuning of the sounding frequency is limited by the line strength combined with the need for adequate differential absorption to measure the CO 2 with high signal-to-noise ratio. Consequently, the sounding frequencies in the ͑20013 4 00001͒ band should be offset by greater than a half-width from the absorption line centers to yield sufficient round-trip transmission for adequate backscatter signal level. Conversely, the sounding frequencies in the ͑30013 4 00001͒ and ͑30012 4 00001͒ bands should be closer to line center to obtain an adequate differential absorption signature.
Transmitter Frequency Selection
The initial choice of sounding frequency candidates is governed by the range of values of lower energy level EЉ that provides the lowest susceptibility to temperature profile uncertainties, assuming isolated absorption lines. Then the effects of overlapping bands must be added and their effects on temperature susceptibilities understood. Table 2 lists proposed transmitter frequencies that we obtained by considering temperature susceptibility at frequencies of one half-width from the line centers in the ͑30013 4 00001͒ and ͑30012 4 00001͒ bands and three half-widths from the line centers in the ͑20013 4 00001͒ band. These sounding frequencies are among those that provide the lowest values of temperature susceptibility. The temperature susceptibility values listed in the Table 2 columns for the 1976 U.S. Standard and the Midlatitude Summer atmospheres are the maximum values resulting from the set of four lower-tropospheric temperature perturbations given above. Lines from overlapping bands have some effect on nearly every sounding frequency choice, particularly the watervapor lines. The corresponding maximum temperature susceptibility values for CO 2 -only versions of these atmospheric models are typically approximately 0.11 ppm͞K for these lines. Several lines in these bands that have favorable values of EЉ, according to Table 1 , are not listed because of the strong influences of neighboring lines belonging to other bands that are temperature dependent. The water-vapor lines in these spectral regions generally have high EЉ values, are thus much more temperature dependent, and influence the temperature susceptibility to a much greater degree than their influence on total optical depth. The effect of these lines is most obvious for the case of a 1 K temperature error at 1 km, where the water vapor is most abundant. Clearly an accurate knowledge of the lower-tropospheric water-vapor profile must be a necessary component of any CO 2 mixing ratio retrieval, not only for accurate extraction of the dry air mixing ratio of CO 2 from spectral measurements made in the wet atmosphere, but also because of its effect on susceptibility to temperature profile errors. The highest-quality water-vapor profile information expected to be available from advanced sounders and numerical weather prediction analyses ͑namely, mixing ratio uncertainty near 10% at tropical and midlatitudes͒ is essential.
It is important to emphasize the influence of altitude resolution on the interpretation of the results of this relatively simple case. These temperature susceptibility results apply directly to the detection of a CO 2 mixing ratio perturbation in the lower troposphere that is confined to a 1-km layer. They are quantitatively most relevant to a range-gated differential absorption lidar sounding of CO 2 at the lowest tropospheric level, with a vertical resolution of 1 km. The LAS ͑and all passive spectrometric approaches͒ inherently averages over several kilometers of altitude, and the result of the detection of this mixing ratio perturbation in a 1-km layer centered at a 1-km altitude would be a CO 2 retrieval signal reduced to a few tenths of a part per million at the lowest tropospheric level of the retrieval. The effects of the various 1 K temperature profile errors given in these examples would be retrieved mixing ratio errors in the range of 0.1-0.3 of the signal for the selected sounding frequencies indicated in Table 2 . Extrapolating to the case of an assumed profile containing a 1 K bias throughout the lower troposphere, it is clear that the associated error in the CO 2 retrieval would completely mask the signal. Of particular note is the evident complementarity between the 1.6-and 2-m sounding wavelength regimes. The 6246 -6365-cm Ϫ1 ͑1.57-1.60-m͒ lines near 1.6 m are not well suited for CO 2 retrievals in the lower troposphere. They are well suited for midand upper-troposphere retrievals ͓by virtue of the altitude where the d͑ln ͒͞dp value peaks͔, whereas their counterparts in the 4828 -4876-cm Ϫ1 ͑2.05-2.07-m͒ spectral region are ideally suited to measurements in the lower troposphere, including the boundary layer where the effect of CO 2 source and sink fluxes on the atmospheric CO 2 mixing ratio distribution is at its most undiluted.
Conclusions
Several sounding frequency candidates have been identified for a LAS implementation that is potentially capable of discerning variations of a tropospheric CO 2 mixing ratio with a resolution of ϳ0.3%. A major conclusion of this sensitivity study of the effects resulting from atmospheric temperature profile uncertainties is that CO 2 retrievals with a precision of 0.3% or better are possible only with the highest-quality temperature and water-vapor profile information expected from advanced sounders and numerical weather prediction analyses in the near future. ͑This conclusion applies also to any passive solar absorption spectrometer approach to the measurement of tropospheric CO 2 .͒ The susceptibility of the optical depth to uncertainties in knowledge of the atmospheric temperature profile over the global-scale range of tropospheric temperatures is a sensitive function of the lower energy level of the transition and is also dependent on the sounding frequency offset from line center. Only a small number of absorption lines in the ͑30012 4 00001͒, ͑30013 4 00001͒, and ͑20013 4 00001͒ bands of 12 C 16 O 2 , near 1.57, 1.60, and 2.06 m, respectively, exhibit the optimum combination of acceptable temperature susceptibility, target altitude of emphasis for the weighting functions, and adequate round-trip optical depth. The susceptibility to temperature profile uncertainty in the temperature range of the lower troposphere rises rapidly at other lines in the P and R branches of these bands, making them unsuitable for use in CO 2 retrievals. This applies to any infrared laser sounder or passive solar absorption sounder. In view of the fact that several other sources of measurement uncertainty can easily add 0.1% or more to the total error budget in the CO 2 retrieval, it is our opinion that the susceptibility to temperature profile error be maintained at 0.3% or better. The importance of further high-accuracy laboratory measurements of the temperature dependence of the linebroadening coefficients must be reiterated.
An important point to emphasize is that the 1.6-and 2.1-m sounding wavelength regimes evaluated here are complementary with respect to the atmospheric regions to which they are most appropriate. The 6246 -6365-cm Ϫ1 ͑1.57-1.60-m͒ sounding frequencies appear to be better suited to CO 2 mixing ratio retrieval in the mid-troposphere to upper troposphere, whereas those in the 4828 -4876-cm Ϫ1 ͑2.05-2.07-m͒ region are most appropriate for measurements in the lower troposphere where the signals relevant to CO 2 source and sink fluxes are most evident. Because we have performed this temperature susceptibility sensitivity study only for lower-troposphere cases, further study of laser sounding in the 1.57-1.60-m region that is directly relevant to the upper troposphere is needed. Two separate instrument concepts are currently under development with the goal of exploring these two distinct operational regimes. 19 -21 
